ABSTRACT: Human endogenous retroviruses (HERVs) are remnants of ancient germ line infections that now make up a substantial fraction of the human genome. While most HERVs are inactive, there is a growing body of evidence that implicates some members of the HERV-K family of elements as being transpositionally active. Here we report the results of a phylogenetic survey of HERV-K LTR sequences. We have elucidated the evolutionary relationships among the youngest, most recently active (human specific) lineage of HERV-K elements and a number of more ancient lineages. Levels of sequence variation were used to estimate the ages of the different phylogenetic groups of element sequences. Our results suggest that a burst of transpositional activity led to the emergence of the human specific lineage of HERV-K elements and coincided with the time humans and chimps are believed to have diverged from a common ancestor ∼6 million years ago. In addition, as noted previously, the youngest HERV-K subfamily shows a within-group pattern of variation where younger, more recently active subgroups are successively derived (evolve) from older subgroups. However, among HERV-K subfamilies there is no such correlation between phylogenetic relationship and the age of the groups. In fact, the oldest subfamily of HERV-K elements studied here appears to have given rise to the youngest and most recently active group of elements. This suggests that ancient families of HERVs may be capable of retaining the potential for biological activity over long spans of evolutionary time.
INTRODUCTION
A significant fraction of the human genome (∼8%) comprises retroviral-like elements [1] . These include nonautonomous mammalian apparent LTR retrotransposons (MaLRs) [2] as well as endogenous retroviruses (HERVs) [3] that are remnants of ancient germ line infections. Most families of HERVs appear to be transcriptionally and transpositionally silent and are transmitted through the germ * Author to whom correspondence should be addressed.
line in a strict Mendelian fashion. One notable exception is the HERV-K (K denotes a lysine tRNA primer binding site) family of elements. HERV-K transcripts have been detected in a variety of tissues and have been associated with reverse transcriptase activity in retroviral particles, suggesting that at least some elements may be biologically active [3] [4] [5] . Consistent with this suggestion, an apparently intact HERV-K provirus that retains all open reading frames and encodes a potentially active reverse transcriptase [6, 7] has recently been found. In addition, very recent GENOME LETTERS 2002, 1, 1-5 insertions of full-length HERV-K proviruses that are polymorphic among different human populations have been identified [8] .
The chromosomal positions of HERV-K elements among various primate species indicate that many HERV-K elements integrated prior to the divergence of hominoids from Old World monkeys [9, 10] . However, a more recent analysis of 37 HERV-K long terminal repeats (LTRs) taken from random human clones identified eight HERV-K integrations that are specific to humans [11] . In this same analysis it was determined that a correlation exists between the relative age of different HERV-K element groups and the taxonomic distribution of group members among primates. In addition, the phylogenetic relationships among the different aged groups were found to be consistent with the hypothesis that new groups of elements arise sequentially by amplification of one or a few "master" elements present in the most closely related progenitor group (i.e., the master gene model [12] ). In this paper, we report the results of an analysis of 140 full-length (not truncated) HERV-K LTR sequences. The pattern of HERV-K evolution revealed by analysis of this larger and more diverse data set is not consistent with predictions of the master gene model. Particularly striking is the finding that the most recently evolved HERV-K group derived from one of the demonstrably oldest groups of HERV-K elements present in the human genome.
MATERIALS AND METHODS
The Seqlab (Wisconsin GCG package) implementation of the FASTA [13] program (default settings) was used to search the Genbank database (release 116) for sequences homologous to the 5 long terminal repeat (LTR) of the recently inserted [11] canonical HERV-K10 element [14] . A more recent search of the HERV database [15] was used to confirm the results obtained here. The initial Genbank search resulted in the identification of hundreds of accessions containing HERV-K homologous sequences. More than half of these sequences were redundant Genbank entries or the HERV-K homologous region of SINE-R retroposons [16] . Both of these classes of hits were removed prior to further analysis. The majority of nonredundant hits were truncated HERV-K LTR sequences. These sequences were also removed prior to phylogenetic analysis. A total of 140 full-length HERV-K LTR sequences (>90% length of the canonical query element) were aligned using ClustalX [17] with default options. Minor manual adjustments to the sequence alignment were made as necessary. The alignment was used with the PAUP * program [18] to calculate pairwise distances between sequences using the Kimura-2 parameter distance correction [19] with pairwise deletion of gaps. Pairwise distances were calculated before and after removal of rapidly evolving CpG sites.
Distances were used to reconstruct HERV-K phylogenies with the neighbor-joining method [20] in PAUP * [18] . The results of phylogenetic analyses based on CpG containing (as reported here) and CpG removed alignments were virtually identical. Support for internal branches of the HERV-K phylogenies was assessed with the use of 100 bootstrap replicates.
Subfamily ages were calculated by taking the average of the pairwise distances (K) between all sequences in a given subfamily (phylogenetic group). The average age for subfamilies was calculated using an estimate of 0.0016 changes per site per million years (my) for primate pseudogenes [average subfamily age my = K/ 0 0016 * 2 as described previously [21, 22] . Ages of individual fulllength proviral elements were calculated similarly by using the pairwise distance between the 5 and 3 LTRs of individual proviral elements with the same calibration value as above. As with the phylogenetic reconstruction, element ages were calculated both before and after rapidly evolving CpG sites were removed. Removal of CpG sites resulted in a reduction of levels of variation and thus lower age estimates. However, the relative age estimates for the different groups remain exactly the same whether CpG-containing (as reported here) or CpG removed alignments were used. The age estimates obtained with CpG-containing alignments agreed better with previous results obtained for the age of HERV-K families [11, 23, 24] .
RESULTS AND DISCUSSION
A phylogenetic tree generated from an alignment of 140 full-length HERV-K LTR sequences indicates that these elements fall into seven well-supported groups (Fig. 1) . These include five monophyletic groups and two groups that are not monophyletic but rather are clearly delineated by well-supported internal branches on the main trunk of the tree. Comparison of relative branch lengths within groups indicates that group 1 elements share greater similarity than elements within any of the other groups. A more detailed analysis of the most recently evolved HERV-K group 1 demonstrates that it can be further divided into four additional subgroups (Fig. 2) . Superposition of previous PCR results [11, 23] on the group 1 phylogeny indicates that subgroup 1a is a human-specific clade; that is, it consists of elements ( * in Fig. 2 ) that were inserted subsequent to the separation of humans and chimps from a common ancestor. Subgroup 1b is a clade consisting of specific HERV-K insertions that are present in only humans and chimps ( * * in Fig. 2 ), or in human, chimps, and gorillas ( * * * in Fig. 2 ). Relative branch lengths within subgroups 1c and 1d indicate that these are likely even older clades with elements that integrated prior to those in subgroups 1a and 1b (Fig. 2) . Within group levels of HERV-K LTR sequence divergence can be used to estimate the age of the groups with the use of a pseudogene nucleotide substitution rate of 0.16% per million years [21, 22] . For example, an analysis of the nucleotide divergence among LTR sequences within HERV-K group 1 elements (Fig. 2) indicates that subgroup 1a is the most recently evolved, followed in order by subgroups 1b, 1c, and 1d. Interestingly, the age of subgroup 1a (∼6 million years old) indicates that it evolved from subgroup 1b around the time humans and chimps diverged. Taken together with recent findings that support a role for HERVs in mediating genome rearrangement [25] , the coincidence of the age of the element-rich group 1a with the human-chimp divergence date may suggest a role for these particular elements in driving primate speciation. The age estimates that we obtain are consistent with previous results [26] , independent age estimates obtained here from intralement LTR data from full-length proviral elements (data not shown), as well as the taxonomic distribution of subgroup members (Fig. 2) determined by PCR [11, 23] .
Jordan and McDonald/HERV-K Evolution
Our results indicate that the relative age of members of HERV-K group 1 correlates with their phylogenetic relationships. For example, the youngest and most recently active subgroup of elements (1a) is evolved from the next youngest subgroup (1b). This pattern holds for all of the subgroups (1a-d) in group 1 (Fig. 2) . Such a correlation between the phylogenetic position and the age of different element subgroups was previously noted for HERV-K elements [11] and is consistent with the master gene model of transposable element evolution [12] . However, when our analysis was extended to all seven groups of HERV-K elements represented in the human genome, a surprisingly different result was obtained. In contrast to the expectation of the master gene model, no correlation was observed between the age of the seven HERV-K groups and their relative phylogenetic relationships (Fig. 1) . For example, there are two pairs of distinct monophyletic groups that have approximately the same age (groups 6-7 and 3-4, Fig. 1 ). This is consistent with the multiple source model of transposition, where distantly related active elements coexist in the genome and serve as independent sources of amplification [27] . In addition, the two oldest groups analyzed here (2 and 5, Fig. 1 ) are approximately the same age and correspond roughly to a previously documented major wave of HERV-K integration into the genome [24] . These groups (2 and 5, Fig. 1 ) are somewhat anomalous in that they consist of multiple small monophyletic groups and/or multiple single lineages that branch off the main trunk of the tree. As such, the groups are more heterogeneous than the others and may include multiple active lineages within each group. Accordingly, the age estimates for these nonmonophyletic groups are less certain.
The topological and age relationships between groups 1 and 2 ( Fig. 1) are most interesting. Contrary to the predictions of the master gene model [11, 12] , the most recently active group of HERV-K elements (group 1) did not evolve from the next most recently active groups (groups 6 and 7). Rather, our results indicate that the most recently active group of HERV-K elements (group 1) evolved from what may be the oldest group of elements present within the human genome (group 2) some time between ∼20 and 30 million years ago (Fig. 1) . While the age of group 2 must be interpreted carefully for the reasons described above, it is clearly a relatively ancient and inactive lineage. Our findings suggest that even ancient families of retrotransposons are capable of retaining or otherwise reestablishing biological activity. indicates a human-chimp-specific insertion, and * * * indicates human-chimp-gorilla-specific insertions.
